AnSTRACT.--In a study designed to determine seasonal patterns of body mass and torpor in Rufous Hummingbirds (Selasphorus rufus), birds were maintained for 12 months in the laboratory on a photoregime approximating that experienced by free-living birds. Ambient temperature cycled from 20øC during the day to 5øC at night. Body mass, torpor, and rates of nighttime oxygen consumption were measured under conditions of ad libitum feeding in LD 12:12 in autumn (when free-living birds are normally migrating south), LD 12:12 in spring (during molt), and LD 16:8 in summer. Both body mass and use of torpor were highest in autumn, suggesting that torpor is not reserved for immediate energy crises at this time, but may be important in maximizing energy savings and thus minimizing the time required for premigratory fattening. In spring, body mass was lowest; use of torpor, however, was significantly lower than in autumn, suggesting that torpor is used primarily for "energy emergencies" at this time of year. In summer, body mass was intermediate and use of torpor was also significantly lower than in autumn. Mass-specific rates of oxygen consumption during both normothermia and torpor were inversely related to body mass when data from all seasons were combined; large fat stores may contribute to lower metabolic rates by providing additional insulation, as well as by decreasing the proportion of highly metabolically active tissue in the body. Low fat stores also coincide with the molt, which itself may result in higher metabolic rates. Although the propensity for using torpor has a strong seasonal component that appears to reflect different energetic circumstances during such activities as migration and molt, Rufous Hummingbirds retain the ability to enter nocturnal torpor at all times of year, thus improving their chances of survival year-round.
mingbirds are unable to store sufficient fat to fuel an entire one-way flight between breeding and wintering grounds (Lasiewski 1962). Instead, these birds stop periodically along their migratory route to refatten. During these stopovers, birds establish and defend feeding territories for one to two weeks before long-distance flight is resumed (Gass et al. 1976 , Gass 1979 , Carpenter et al. 1983 .
What is the role of torpor during migration? The "energy-emergency hypothesis" (Hainsworth et al. 1977 ) predicts that birds with sufficient energy reserves to maintain normothermia throughout the night should avoid the use of torpor. Because some laboratory studies have shown that hummingbirds appear to use torpor only when energy reserves are low (Hainsworth et al. 1977 , Hiebert 1992 , as yet undefined risks or costs are assumed to be associated with the torpid state. On the other hand, there may also be significant benefits to torpor at certain times of year. For example, might selective pressure to reduce time required for periodic refattening and to complete migration as quickly as possible result in an increased incidence of torpor during migration, even when stored energy reserves are abundant?
The annual molt in Rufous Hummingbirds, which occurs on the wintering ground before the vernal northward migration, involves a different set of energetic issues. A previous study (Hiebert 1992) suggests that use of torpor during the molt is consistent with the energy-emergency hypothesis. In this case, selective pressure to minimize the total time required for molt might result in reduced time spent in torpor during molt. In addition, birds may benefit energetically by maintaining a low body mass during a time when missing flight feathers reduce lift-generating capacity. Extraordinary means of saving energy for storage as fat might not be favored at this time.
The purpose of my laboratory study was to examine seasonal changes in body mass and use of torpor under conditions of ad libitum food consumption and a daily temperature cycle that was maintained at the same levels throughout the year. Photoperiod was the only seasonal cue. Body mass, use of torpor, and rates of oxygen consumption during torpor were compared during three phases of this annual cycle: autumn (when free-living birds are migrating), spring (during molt), and summer.
MATERIALS AND METHODS
Rufous Hummingbirds were captured as juveniles during August of 1986 (n = 12) and 1987 (n = 15) in the Cascade Mountains, Skagit County, Washington. Experiments were carried out during the 12 months following capture. An additional four birds were captured on 24 May 1988 and were included in the summer measurements of 1988 (see below). Birds were housed individually in 0.6 x 0.6 x 1.2 m cages provided with an overhead light (46-cm "Daylight" fluorescent tube, 15 W). Five to eight cages were kept in a controlled-environment chamber in which the light cycle was adjusted seasonally (in increments of 15-30 min) to approximate the light cycle experienced by Rufous Hummingbirds in nature (lights-on at 0830 PST, lights-off variable). The only departure from a truly natural photoregime was that the periods of LD 12:12 were extended in autumn and spring to include the 30-day measurement periods (see seasonal comparisons below for further details), and to control for the effects of daylength per se on use of nocturnal torpor. During the artificial night, a single 15-W incandescent bulb provided low, diffuse light for the entire chamber. This bulb provided sufficient light for flying in the cage, but the birds did not fly or feed at night once they had found a suitable perch. Ambient temperature was 20øC during the day and 5øC at night; warming and cooling of the chamber took place at the beginning and end of the light period so that ambient temperature during the period of darkness was a constant 5øC. Eight of 12 birds studied during the annual cycle beginning in August 1986 were maintained on LD 12:12 from the autumn measurement period through January 1987, after which time all birds were maintained on a natural photoregime; otherwise, environmental conditions for these eight birds were the same as for other birds in this study.
Body mass and torpor.--Body mass at time of capture was measured to the nearest 0.1 g with a 5-g Pesola hand-held spring scale. All birds were captured in the morning and, except for a few birds captured at first light, undoubtedly had fed before they were weighed. Body mass at capture is therefore an overestimate of dawn body mass, which was used throughout this study as a point of comparison.
In the laboratory, body mass and torpor duration were measured at 1-to 10-day intervals throughout the year. All observations reported here are of unmanipulated body mass and spontaneous torpor. Birds fed ad libitum during the day, but food was removed 45 rain before lights-out to allow the digestive tract to clear (Hainsworth 1974 , Diamond et al. 1986 ). Birds were weighed at lights-out and again at lights-on on a Sartorius digital electronic balance accurate to 0.001 g. Unless otherwise noted, body mass reported in this study refers to prefeeding mass at lights-on and represents the mean of all days during a given period, whether or not the bird entered torpor on the night before.
During nights on which torpor was monitored, each bird was placed in a rectangular plastic container (18 x 28 cm) containing a small (2-cm) perch, on which a fine (40-g) thermocouple was mounted. When the bird was at rest, its abdomen contacted the thermocouple on the perch. Thermocouple temperature was recorded continually during the night on a Leeds and Northrup Speedomax 250 chart recorder. The duration of torpor, indicated by a drop in thermocouple temperature, was measured from the beginning of entry into torpor to the end of arousal. Simultaneous measurements of surface body temperature and oxygen consumption show that the occurrence and timing of torpor are accurately recorded by this method. The birds adjusted to this apparatus after a few days of experience and, thereafter, perched quietly throughout the night whenever placed on the perch.
Oxygen consumption.--I measured nighttime oxygen consumption at 5øC separately from torpor duration. To determine rates of oxygen consumption during torpor in some instances required the induction of torpor by food restriction, particularly during spring and summer when torpor tended to occur less often. On days of food restriction, food was removed up to 4 h before lights-out but a separate water supply was provided to prevent dehydration. Water and food, if any remained, were removed 45 min before lightsout. Birds were weighed at lights-out and lights-on, as for measurements of torpor duration. During the night, birds sat on a small perch (2-cm) fitted with a 40-g thermocouple in a cylindrical 1-L respirometry chamber. Excreta (usually 0.05 g or less and usually voided at the end of the night) were collected on filter paper that lined the base of the chamber. Dried air was passed into the chamber at a flow rate of 140 to 180 ml min-'. Excurrent air was dried before passing through an Applied Electrochemistry S3A Oxygen Analyzer. The rate of oxygen consumption was computed according to Withers (1977: equation 3a) using an RQ of 0.85 since RQ was not measured directly. Mass-specific rates of oxygen consumption were computed for each hour of the night by dividing the mean rate of oxygen consumption by the computed mean body mass during that hour. Mean body mass at a particular time was computed as follows: the area under the oxygen consumption curve until that time was divided by the total area under the curve. This fraction was then multiplied by the total mass loss during the night (corrected for mass of excreta). Rates of oxygen consumption during torpor were computed as the mean of hourly rates from hours in which the birds were in steady-state torpor for the full hour.
Seasonal comparisons.--I made seasonal comparisons of body mass and use of torpor using data collected during three 30-day periods in 1986-1987 and 1987-1988 . For all birds, the autumn measurement period extended from 22 September to 21 October, and the summer measurement period extended from 1 June to 1 July. The spring measurement period, which was intended to include the period of molt, was different for each bird because the birds did not molt synchronously. For each bird, the spring period was the 30-day interval centered on the midpoint of its molt.
One bird, 86-03, was still molting during the beginning of the summer measurement period; for this bird, only those data taken after the completion of molt are included in the summer measurement period. Photoregime was LD 12:12 during autumn and spring measurement periods and LD 16:8 during summer. Measurements of oxygen consumption for each season were made as close as possible to, but not necessarily within, the same 30-day periods as measurements of body mass and torpor because far fewer birds can be measured simultaneously in the apparatus for oxygen analysis. surement period, the body mass of May-caught birds did not differ significantly from the body mass of birds that had been captured in August (two-sample t-test, df = 23, P > 0.15); therefore, measurements from birds captured in both August and May are included in the summer measurement period. Comparison of mass gain patterns (Fig. 3) shows that, after approximately 20 days in captivity, birds captured in August gained mass more rapidly than birds captured in May, resulting in significantly higher body masses in the August-captured birds by the time the birds had been in captivity approximately one month (two-sample t-test, P < 0.05 for each 10-day period after first 20 days in captivity; see Fig. 3 ).
Incidence and duration of torpor.--The percentage of nights on which torpor occurred varied significantly with season (one-way ANOVA, P = 0.0009; Fig. 2 ). Whereas incidence of torpor was significantly greater in autumn than in summer (P < 0.05), the mean incidence during spring was intermediate between the means for autumn and summer, but was not significantly different from either (P > 0.05 for both spring vs. autumn and spring vs. summer).
Torpor duration also varied significantly with season (one-way ANOVA, P < 0.0001; Fig. 2 ). Rate of mass-specific oxygen consumption during torpor was inversely related to dawn body mass when data from all seasons were combined (R = -0.4920, n = 44, P < 0.0001), but body mass accounted for only 24% of the variance in mass-specific oxygen consumption. In this analysis, only those body masses measured on mornings following nights when the bird had entered torpor were included. The rate of mass-specific oxygen consumption during normothermic nighttime rest also was inversely related to body mass when data from all seasons were combined (R = -0.6486, n = 49, P < 0.0001), with body mass accounting for 42% of the variance.
DISCUSSION

PERSISTENCE OF ANNUAL CYCLE IN CAPTIVITY
Patterns of body mass and molt in captive
Rufous Hummingbirds approximate the annual sequence in nature as far as it is known. In the laboratory, body mass rose to its highest level in autumn (when free-living birds are migrating south), decreased in early winter and remained low during the molt, and increased to intermediate levels after completion of the molt. However, the timing of events in captivity was somewhat delayed with respect to the annual cycle in free-living birds.
Autumn.--For several reasons, the rise in body mass appears to be a consequence of the seasonal physiological state of the birds rather than the transition to captivity. First, birds captured in May did not show the rapid increase in body mass characteristic of birds captured in August. This effect is particularly striking in view of the fact that day length (and, thus, time available for feeding) was decreasing to 12 h during the first 60 days of captivity for birds captured in August, but was increasing from 12 to 15 h during the 60 days after birds were captured in May. The fact that body mass and patterns of torpor use during summer in May-caught birds were similar to those of August-caught birds in summer is further evidence that the difference in mass-gain patterns was due to season, not to the amount of time in captivity. Second, the average dawn mass of birds in autumn (4.49 g) matched closely the normal body mass for wild Rufous Hummingbirds on the day before they migrate (4.6 g) (Carpenter and Hixon 1988). Higher body masses (up to 5.2 g) have been measured in free-living birds; in captivity, the maximum dawn body mass was 5.18 g. Of course, the pattern of body mass in captive Rufous Hummingbirds during the migratory period differs from that in wild conspecifics. Whereas body mass remains constantly high during autumn in captive birds, body mass in free-living migrants undergoes short periods of rapid mass loss, corresponding to long-distance migratory flight, alternating with one-to two-week periods of mass gain as the birds refatten in preparation for the next migratory flight.
Third 
BODY MASS AND TORPOR
Autumn.--During autumn, when free-living conspecifics were migrating south, body mass of captives was maintained at an average of approximately 1.5 g above lean body mass. Although body mass was significantly higher during autumn than any other season, both the mean duration and incidence of torpor were highest at this time of year. The heaviest bird (86-15) entered torpor every night during the autumn measurement period.
These results are consistent with the prediction that energy balance during migration should be geared toward minimizing energy expenditure in favor of accumulating fat stores to fuel migratory flight, and suggest that torpor is used during periodic refueling to reduce nocturnal energy expenditures. A fortuitous field observation supports this interpretation. Carpenter and Hixon (1988) observed a migratory male Rufous Hummingbird on its nocturnal roost the night before the bird left its territory for its next southward migratory flight. The body mass of this bird, measured repeatedly as it foraged on and defended its feeding territory, indicated that the bird had gained 1.5 g in the preceding five days and that, on the night of observation, the bird had more than sufficient energy reserves to maintain normothermia. Yet, this bird entered torpor at dusk and remained torpid throughout the night. Comparison of dawn and dusk body masses of other migratory Rufous Hummingbirds at the same study site provide circumstantial evidence that these birds in the availability of food or availability of time for feeding because the birds were feeding ad libitum in all cases and because photoregime (LD 12:12) was the same in both autumn and spring. Rather, physiological differences in the birds had to be responsible. Reduced use of torpor during molt may be related to a variety of factors. I have suggested (Hiebert 1992) that ecological constraints result in selection for minimizing the total time required for molt, the duration of which may be determined by the total area under the curve of metabolic rate and/or body temperature during molt. Torpor thus may be disadvantageous during molt simply because it prolongs the duration of molt. In particular, the need for efficient flight during migration may be incompatible with the reduced ability to generate lift when remiges are missing during molt; thus, onset of the vernal northward migration that directly follows molt may be constrained by the length of the molt itself. It is also possible that periodic reduction of feather growth during torpor somehow weakens the structure of the developing feather. In other birds, fault bars in the feathers may result from periods of undernutrition and may represent points at which the feather is more likely to break when exposed to mechanical stress (see Grubb 1989) .
Reduced use of torpor during molt may also be a consequence of hormonal changes during molt (see Payne 1972). Increases in plasma levels of thyroxine that normally accompany molt may result in increased metabolic rate in normothermic molting birds. It is possible that these high levels of thyroxine inhibit entry into or are in some other way incompatible with nocturnal torpor.
Because body mass decreases and reaches molting levels well before the onset of molt (Fig. 1) , the low body mass during molt is not a consequence of molt, although it may be a consequence of hormonal changes that initiate the molt (e.g. increases in thyroxine secretion). A similar pattern of mass loss prior to the beginning of molt has been observed in other birds (e.g. King 1968). For hummingbirds, low body mass during molt may be beneficial because these birds rely almost completely on flight for foraging and, therefore, must minimize wing loading at a time when missing flight feathers reduce the lift produced by each wing stroke.
After the molt, body mass rises, but not to levels observed in the autumn, even though the northward migration normally follows molt. Although this pattern may be an artifact of prolonged captivity, it also may reflect differences between the vernal and autumnal migrations in nature. During the autumn migration, Rufous Hummingbirds are found primarily at high altitudes, where hummingbird food flowers bloom later in the season than at lower altitudes. However, montane habitats are risky, particularly in late summer, because of unpredictable and often severe storms (Gass and Lertzman 1980, Hixon et al. 1983 ). Thus, Rufous Hummingbirds may be under selective pressure to fatten rapidly so that southward movement to safer climates can proceed as quickly as possible. In spring, the northward migration occurs at low altitudes along the west coast of North America (Phillips 1975 , Calder 1987 . At this time there may well be less selective pressure to fatten rapidly, which may be reflected in the lower body masses after the molt. Data from birds held in captivity for more than 12 months, from birds captured at different times of year, and from free-living birds on the spring migration are needed to address this hypothesis more fully.
OXYGEN CONSUMPTION
Rates of oxygen consumption during normothermic nighttime rest at 5øC were highest in spring and lowest in autumn. In autumn, the low mass-specific rates of oxygen consumption probably reflect an increase in tissue that is less metabolically active (fat), an increase in insulation due to new feathers and fat deposits around the torso, and the absence of energyrequiring feather replacement. For the whole animal, the result of the lowered mass-specific metabolic rate is to offset the effect of increased body mass on total oxygen consumption; that is, total oxygen consumption of a normothermic bird of average autumn mass during a 12-h night in autumn (661 ml 02) is roughly equivalent to that of a normothermic bird of average spring mass during a 12-h night in spring (676 ml 02). In summer, the shorter night results in a lower total oxygen consumption during a night of normothermia (438 ml 02). Of course, energy expenditures of free-living birds at different times of year will also be affected by differences in both meteorological conditions and the microhabitats in which the birds roost at night.
The Although I cannot rule out the possibility that the metabolic activities involved in feather replacement are temperature compensated and can occur even at the very low body temperatures during torpor (as low as 13øC; Hiebert 1990), it is likely that these processes are slowed, if not suspended, during torpor. When oxygen consumption is measured at 5øC during nocturnal normothermia, spring values are significantly higher than both autumn and summer values, but rates of oxygen consumption during torpor at the same temperature were not significantly different in spring and summer. One explanation for this is that during normothermia, metabolic consequences of molt may account for much of the difference between mass-specific rates of oxygen consumption in summer and spring. During torpor, on the other hand, mass-specific rates of oxygen consumption may be indistinguishable among seasons because molt-specific processes are no longer occurring, or are oc-curring so slowly as to have negligible impact on the mass-specific rate of oxygen consumption.
SEASONALITY OF TORPOR
In the Rufous Hummingbird, seasonal changes in the tendency to use torpor, expressed as variation in duration or incidence of torpor or both, are superimposed on a yearround capacity to use torpor as a means of conserving energy at night. Various studies have shown that hummingbirds can be induced to enter torpor in the laboratory at any time of year by manipulation of environmental variables that affect energy balance, such as food supply (Hiebert 1991, 1992) 
